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BIOLOGY

Estimating Surface Area of Soybean Root Systems
JOHN

B.

CARLSON*

ABSTRACT - A procedure for estimating the total root length, root surface, and root hair surface
is described for greenhouse-grown soybeans. Data are presented on the extent of the root systems of 3-week and 14-week old soybeans. The possibility of correlating data from greenhousegrown soybeans with that of field-grown soybeans as a method to make some predictions on extent of the root systems of field-grown soybea.ns is suggested.

A comprehensive review of the literature pertaining to
the morphology of soybeans reveals little published work
on the root system of soybean with respect to the magnitude of the entire root system, the orders of branching
and the amount each contributes to the root system, and
the total actual absorbing surface of both roots and root
hairs. The lack of much information of this type probably centers on the difficulty of removing a complete, intact root system of a field-grown plant without a considerable loss of fine roots.
Pavylechenko (1937) removed the intact root systems
of field-grown wild oats, Marquis wheat and Prolific
spring rye but did not make any root hair estimates. He
estimated total root lengths of 44 to 54 miles in these
plants, although he did not count quaternary roots. Dittmer ( 1937) suggests that the estimates might be twice
as high if the quaternary roots had been included. In his
study of winter rye, Dittmer (1937) used greenhousegrown plants and made counts of all root branch categories, root hair numbers, and total surface presented by
the root system to the soil. His figures of 387 miles of
roots and 4,300 square feet of root hairs for a single rye
plant are familiar to all students of botany. Dittmer
(193 8, 1940) also carried out studies on field-grown
plants by taking soil core samples three inches in diameter and six inches deep and making counts of all roots
and root hairs present. The species included three grasses
and soybeans. He found that bluegrass had 50 times,
winter rye 30 times, and oats 12 times the total surface
area of the soybean root system. Since the data are from
core samples only, it was not possible to estimate the
total surface of the complete root system .
In 1948, Dittmer examined the intact root systems of
19 Angiosperms including soybeans. His figure of a total
of only 22 feet of roots for a mature soybean, var. Illini,
grown in New Mexico is much lower than the 95 feet of
roots present in a single core sample of the same variety
grown in Illinois.
R. L. Mitchell at Iowa State University also is studying the rooting patterns of soybeans in the field to determine the distribution of roots at various depths. He did
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not plan to gather information on the area of the roots or
root hairs during this study (personal communication).
Study aims at improving estimates
This study is an attempt to make estimates on the extent of the root system and total surface area exposed to
the soil by greenhouse-grown soybeans with the aim of
applying these procedures to field-grown plants. Although field conditions would differ greatly with respect
to soil, water, light and competition from other plants,
quantitative data of this type may be useful for other
types of studies conducted in the greenhouse and for
comparison with similar data from the field.
Materials and Methods
Plants of soybean, Glycine max L. (Merrill) , var. Ottawa-Mandarin were grown in 6" pots in a greenhouse at
the University of Minnesota's Duluth Campus during the
winter of 1968-1969. The soil was fertilized and inoculated with an infective strain of the soybean root nodule
bacterium, Rhizobium japonicum. Supplementary lighting was supplied 8 hours a day by a bank of eight GE
"Power-Groove" Cool White fluorescent bulbs throughout the growth period of the plants. The seedlings
emerged in four days, grew vigorously, flowered in five
weeks. By fourteen weeks they had well-filled pods at
several nodes (Fig. 1, 2). The stems were sturdy, highly
pubescent and showed no evidence of vininess or etiolation as often occurs under reduced light conditions during the winter. The roots were well nodulated.
Three plants of 3 weeks age and three of 14 weeks
were used. For the root measurements the soil was
washed away as gently as possible to avoid loss of any
root material. The washed root systems were immersed
for a few minutes in a dilute methylene blue solution to
stain the epidermal cells and root hairs slightly. Measurements were made of root diameter, epidermal cells and
root hairs with an ocular micrometer and compound microscope. Samples of primary roots and the other orders
of root branches were removed and measured on a grid
with the aid of a dissecting microscope. For each plant
the entire primary root was measured, and samples of
about 30-50 inches of secondary root and about 300-400
inches of tertiary roots were measured carefully. Any
nodules present were removed and discarded since they
contribute no effective absorbing surface to the root system and would introduce an error in the dry weights. The
measured samples and the remaining portions of the root
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systems were then oven-dried and weighed on an analytical balance. From the known lengths and dry weights of
the samples, it was possible to calculate the ratio of dry
weight to length of each order of branching and the proportion of each order of root branch in the entire root
system. Calculations could then be made to arrive at an
approximation of the length of secondary and tertiary
roots in the root system, since the total dry weight is
known.
Direct counting of the root hairs was difficult, especially in the larger, more opaque roots. Therefore, an approximation was made by direct calculation based on the
following observations: 1) root hairs of soybeans persist
and appear normal throughout the entire life of the plant
until they are actually sloughed off with the epidermis
during extensive secondary growth. This was also observed by Dittmer (1949). This loss of epidermis is limited mainly to the primary or taproot. Although secondary growth occurs somewhat in the secondary roots, the
epidermis appears to remain intact and has root hairs
even when the plant is mature and has dry pods. 2) Each
epidermal cell appears capable of producing a single root
hair. In only a very few portions of the epidermis were
root hairs apparently lacking. Dittmer (1940) noted that
"root hairs were found over all surfaces of soybean roots
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FIGURE

2. 14-week soybean, variety Ottawa-Mandarin.
( ½-inch mesh screen for scale)

except where secondary growth had completely removed
the epidermis."
By measuring the diameter of the root and the length
and the width of the epidermal cells for each order of
root branch, it is possible to calculate the number of epidermal cells present per unit length of root and thus derive an approximate number of root hairs. From the
length, diameter and number of root hairs, the total root
hair surface may be calculated, and corresponding calculations made for the roots. Finally, these may be combined to arrive at an approximation of the total surface
contact between the root system and the soil.
Preliminary comparison data

Although this is a preliminary report using data based
on a limited sample of plants, it does give the opportunity for a cautious comparison with the field data of Dittmer and also gives an indication of the extent of the root
systems of two ages of greenhouse-grown plants: 3-week
17

TABLE I - Data on roots and root hairs of mature, field-grown
soybeans, var. Illini. From Dittmar (1940).
Average root

Average root hair

length x diameter.
(microns)

diameter.

(millimeters)

Taproot * .. . ... . ..
Secondary roots ...
Tertiary roots . .. ..
Quaternary roots ..

.
.
.
.

2.50
0.65
0.31
0.23

* Secondary growth had resulted

Number of root hairs
per millimeter of
root length .

1l0x17
90 X 14
90 X 14

606
210
170

in loss of most of epidermis and root hairs

and growth conditions might have an effect on root hair
number, but these factors were not studied.
Table III compares the root systems of 3-week and
14-week old soybeans grown under similar conditions in
the greenhouse. In the 3-week-old plants, the combined
length of the tertiary roots is more than twice that of the
secondary roots. Nevertheless, the secondary roots have
more absorbing surface since they have a larger diameter,
more root hairs per millimeter and larger root hairs.
Even though the length of the secondary roots increases
by a factor of five times in the next 11 weeks, a very extensive formation of tertiary and higher orders of roots
results in an increase in length of about 40 times in that
category which now has almost 12 square feet of surface and thus comprises the main absorbing surface of
the root system . The 14-week-old plant has a total of
approximately 13 square feet of soil contact. No data
are available to compare this with field-grown soybeans.
Both Dittmer (1938) and Pavylechenko (1937) report that roots of plants grown alone in the field or under
greenhouse conditions might be 100 times more extensive than those grown in competition with other plants
under normal field conditions. As mentioned earlier,
comparisons of data such as that of Dittmer using a different variety of soybean with the limited amount of data
in this study must be viewed with caution. Even such

old plants with rapidly developing root systems and essentially mature 14-week old plants.
No field data are available for comparison except Dittmer's (1940) for mature soybeans, variety Illini, in
which soil core samples were examined. Some of the results of his investigation are given in Table 1. In comparing these data with Table II for greenhouse-grown Ottawa-Mandarin soybeans, it can be seen that the root diameters are similar, but the root hair data vary considerably.
For greenhouse soybeans, the root hair length of 260 to
395 microns is about three to four times as great as for
plants grown in the field, but the diameter is slightly less.
The root hairs in the greenhouse plants were about the
same length in all roots except the tertiary. The shorter
root hairs on these roots is probably a function of the
smaller epidermal cell size, as suggested by Dittmer
(1949).
The number of root hairs per millimeter of root length
is greater in the greenhouse plants. Dittmer could give
no figures for the taproot in the field-grown plants but
about 1,000 root hairs per millimeter are present in the
primary root of three week old greenhouse plants. In the
secondary and tertiary roots, the counts of 863 and 504
root hairs per millimeter are 1 ½ and 2½ times greater
than the corresponding figures reported by Dittmer.
Many variables such as root diameter, varietal differences

TABLE II - Data on roots and root hairs of greenhouse-grown
soybeans, var. Ottawa-Mandarin.
Average root
diameter.
(millimeters)

Primary root, upper 2
cm. near root crown
( 3 wk. plant)
Primary root, 2 cm.
below root crown
to apex ...... . ..... . .
(3 wk. plant)
Secondary roots ...... .
(3 wk. and 14 wk. plants)
Tertiary roots ....... .
(3 wk. and 14 wk. plants)
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Average epidermal cell.
length x width
(microns)

Average root hair
length x diameter.
(microns)

Calculated number
of root hairs per
millimeter of
root length

1.54

182

28

331

X

12

961

1.07

192 X 18

363

X

12

1032

0.76

160 X 17

395

X

12

863

0.29

123

260

X

12

504

X

X
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TABLE III - Comparison of 3-week and 14-week greenhouse-grown soybeans,
var. Ottawa-Mandarin.
Root length
(feet ) •

3 week plants
Primary root
Secondary roots ..
Tertiary roots .. . .
Total .. . ..........

0.90
6.90
15.96
23 .76

14 week plants
Primary root** . . .
1.8
Secondary roots . . 33.7
Tertiary roots***
611.0
Total ....... . ..... 646.5

No. of
root hairs
(million)

Total root
hair length

Total root
hair surface

Total root
surface

0.27
1.82
2.45
4.54

0.32
2.36
2.09
4.77

0.04
0.29
0.26
0.59

0.01
0.05
0.05
0.11

8.87
93.84
102.71

11.49
80.00
91.49

1.42
9.88
11.30

0.26
1.83
2.09

(thousand feet) (square feet) (square feet )

Total soil
contact
(square feet)

0.05
0.34
0.31 .
0.70

1.68
11.71
13.39

* No

rounding off of data made. Data converted to English system to conform with data
of Dittmer (1940) and Pavylechenko (1937)
** Most of primary root had considerable secondary growth and loss of epidermis.
** "' Includes tertiary and an higher orders of root branches.

comparisons, however, may give some insights into the
relationships between field-grown and greenhouse-grown
plants. Using Dittmer's data, one may calculate that soybeans grown under competitive conditions in the field
present about one square inch of absorbing surface per
cubic inch of soil occupied by the root system. In the
study reported here for plants grown in the greenhouse,
the figure is about 26 square inches per cubic inch of
soil. This doesn't approach the l 00 to l ratio mentioned
above, but does indicate a vigorous root system under
greenhouse conditions. The possibility is suggested that
if comparisons could be made of root systems of soybeans grown under both field and controlled greenhouse
conditions, some reliable ratio might be worked out that
could have a predictive value of potential root growth
in the field by using data from greenhouse plants.

Journal of, Volume Thirty-six, No. 1, 1969

References

H. J. 1937. A quantitative study of the roots
and root hairs of a winter rye plant (Secale cereale).
Am. J. Bot. 24:417-420.
l 938. A quantitative study of the subterranean members of three field grasses. Am. J. Bot. 25:654-657.
J 940. A quantitative study of the subterranean members of soybeans. Soil Conservation 6 :33-34.
1948. A comparative study of the number and length
of roots produced in nineteen Angiosperm species.
Bot. Gaz. 109:354-358.
1949. Root hair variations in plant species. Am. J.
Bot. 36: 152-155.
PAVYLECHENO, T. K. 1937. Quantitative studies of the
entire root systems of weed and crop plants under
field conditions. Ecology 18: 62-79.
DITTMER,

19

